We revisit dark matter annihilation as an explanation of the positron excess reported recently by the AMS-02 satellite-borne experiment. To this end, we propose a particle dark matter model by considering a Two Higgs Doublet Model (THDM) extended with an additional pseudoscalar singlet and a singlet fermion. The additional (light) pseudoscalar singlet mixes with the pseudoscalar inherent in the THDM, and the singlet fermion, which is the dark matter candidate, annihilate via the pseuodoscalar portal. The dark matter candidate is made leptophilic by choosing the lepton specific THDM and a suitable high value of tan β. After establishing the viability of the singlet fermion to be a dark matter candidate, we calculate the positron execss coming from its annihilation to a pair of heavy Higgs bosons which primarily decay to tau leptons. Considering properly the Sommerfeld effect caused by the light pseudoscalar and an appropriate boost factor, we find that our proposed model can fit well the positron fraction excess data, but poorly the positron spectrum data.
Introduction
The existence of Dark Matter in the Universe has now been established principally through their gravitational effects and its amount in the Universe has also been well determined by the PLANCK observations [1] . Although dark matter is all-pervading in the universe, their direct evidence in the laboratory is yet to be established mainly because of its no or very weak interaction with other known fundamental particles. The indirect detection of dark matter is based on the principle of detecting Standard Model particles produced due to the selfannihilation of dark matter in a suitable environment. These annihilation products can appear as the excess of the expected flux which could not be explained by other known astrophysical processes. These annihilation products could be γ-rays, neutrinos,or lepton anti-leptons. The satellite-borne experiment AMS-02 onboard the International Space Station (ISS) that looks for anti-matter in the universe, has reported an excess of positron-fraction beyond the positron energy 10 GeV [2] . The predecessor of the AMS-02 experiment, namely PAMELA [3, 4] also reported similar excess of positrons beyond positron energy of 10 GeV. The present AMS-02 data-set [5, 6, 7] measured up to 800 GeV indicates that the positron-fraction goes down with positron energy up to about 10 GeV, a trend that can be explained by the behaviour of cosmic rays. But beyond 10 GeV, the data show a marked increase in the positron-fraction which appears to peak around 320 GeV. This increase could not be explained by any known phenomena such as cosmic ray interactions. As the recent HAWC [8] measurements appear to rule out the pulsar explanation, the dark matter option becomes more appealing.
The dark matter interpretation of the positron excess has been pursued by many authors, and particularly after AMS-02 results, various scenarios and models have been studied [9, 10, 11, 12, 13, 14, 15, 16] either assuming an appropriate boost factor or considering the Sommerfeld effect.
In the present work, we propose a specific dark matter model by extending the Standard Model of Particle Physics by an additional scalar doublet, a singlet fermion and also a singlet pseudoscalar. We explicitly work out the phenomenology of this model to establish the singlet fermion to be our dark matter candidate in this framework. We then calculate the positron excess from the annihilation of this fermionic dark matter after incorporating the pseudoscalar mediated Sommerfeld Enhancement calculated for the present model. The model in fact reduces to a Two Higgs Doublet Model (THDM) with an additional pseudoscalar and a singlet fermion. The singlet pseudoscalar, which is taken to be light and responsible for Sommerfeld enhancement, mixes with the pseudoscalar inherently present in the two Higgs doublet model. The positron exccess can be well explained if the dark matter is considered to be leptophilic. The dark matter annihilation in the present work is mediated by the pseudoscalars. Therefore, the leptophilic nature can be achieved by choosing the lepton-specific THDM and a suitable high value of tan β ≡ v 2 /v 1 . The model parameter space has been constrained by various experimental results such as collider searches, PLANCK relic density data, dark matter direct detection bounds on scattering cross-section, etc. The positron excess beyond 10 GeV is then calculated by considering the present fermionic dark matter annihilation to yield a pair of τ + τ − which is enhanced by the Sommerfeld effect mediated by the light pseudoscalar. Performing a χ 2 fit with AMS-02 experimental data, we obtain a very good fit to the positron fraction data [7] , but a poor fit to the positron spectrum data [6] with the same parameters. Notice that such an enhanced annihilation rate explaining the positron excess is highly constrained by the gamma ray observations. Indeed, the suggested dark matter annihilation cross-section for the 4-τ channels can only be allowed within the 2σ bounds interpreted from the Fermi-LAT dwarf galaxy results shown in [17, 18] .
The paper is organised as follows. In Section 2 we introduce a simplified framework for pseudoscalar mediated dark matter annihilations and discuss the direct detection mechanism and some other aspects. Section 3 presents the detailed description and phenomenology of the proposed particle dark matter model. In Section 4 we calculate the Sommerfeld Enhancement factor for the present scenario that is used in the final calculation of the positron-fraction. The final computation of positron-fraction and the results, along with the χ 2 analysis, are furnished in Section 5. Finally in Section 6 we present some concluding remarks.
Simplified Annihilation Portal with Pseudoscalars
Before initiating the particle dark matter model proposed in the work, in this section, we furnish a simplified framework related to the interaction of a fermionic singlet DM with the SM fermions through a pseudoscalar portal. The Lagrangian for such a scenario can be written as [19, 20, 21, 22] ,
where the first term is the Dirac Lagrangian for the fermionic DM candidate, the second term represents the interaction Lagrangian of the DM and the extra pseudoscalar a and the last term denotes the interaction of the pseudoscalar a with the SM fermions f , with v being the Higgs vacuum expectation value (VEV) (v=246 GeV). This simplistic model has only four free parameters, namely m χ , the pseudoscalar mass m a , and the couplings y χ and g f . These parameters are strongly constrained by various observational results such as the observed relic density of DM particles as determined from PLANCK data [1] , upper limits of spin independent DM-nucleon cross-section from Direct Detection experiments such XENON1T, LUX, LZ, etc. The relevantχχ annihilation processes in such a scenario will thus be pseudoscalar mediated leading to production of SM fermions and the t-channel annihilation of the DM to the CP-odd singlet a. The expression for theχχ →f f ( Fig. 1 (left) ) thermally averaged annihilation cross-section can be written as
In the above, N c is the colour multiplicity of the fermions, Γ a denotes the decay width of the psuedoscalar a while the sum runs over all SM fermions. This channel, by virtue of the Yukawalike coupling (of the fermions to the pseudoscalar singlet a), will have the most dominant contribution from the top quarks, provided it is kinematically allowed. The other significant tree level annihilation channel would involve the production of aa through the processχχ → aa ( Fig. 1 (right) ). The annihilation cross-section for this process can be written as [23] (σv rel )χ χ→aa y 4
where v rel is the relative velocity of the annihilating DM particles χ. It can be seen that this channel suffers a p-wave suppression of order O(v 2 rel ). At freeze out temperature of χ, v rel ∼ 0.3 and therefore this channel would contribute to the dark matter relic density but it would be highly suppressed at the present epoch since the present WIMP velocity being non-relativistic. As a result this process will not be able to produce any observable signals. The numerical calculation of the relic density of the dark matter candidate and constraining of the parameter space shall be discussed in detail in section 3.
Direct Detection formulation
As discussed above, the interaction of the DM candidate with the SM fermions is mediated via the pseudoscalar singlet a. The DM-nucleon interaction in this case, at tree level, would be a spin-dependent interaction [24, 20] . The spin-dependent interaction cross-section is highly suppressed since σ SD ∝ v 4 rel and v rel is non-relativistic. Thus upper limits on DM-nucleon spin-dependent scattering cross-sections from Direct Detection experiments will not affect the parameter space significantly. On the other hand, spin-independent interactions can be very relevant at the one-loop level of the scattering diagrams. The process in this case is in fact a box diagram as shown in Fig. 2 . Although this a one-loop process, it still may have appreciable contribution since it does not suffer a large suppression (from v 4 rel ). These processes are discussed in detail in [21, 25, 26] .
In order to calculate the spin independent cross-section, we closely follow the prescription as given in [21] and we also adopt the approximations presented therein. The spin-independent DM-nucleon scattering cross-section is given by the expression
where µ χ is the reduced mass of the DM-nucleon system and the function F l (m χ , m a ) is given by
where we use the relation for C S,q (related to Wilson's coefficient) as given in the appendix of [21] . In the above f T G represents the form factor.
Flavour Constrains
The presence of the pseudoscalar field a can affect processes such as B s → µ + µ − and B → Kµ + µ − , since these processes can have large contribution from the pseudoscalar mediated diagrams depending on the mass of pseudoscalar m a and the value of g f . It has been shown in some previous works [21, 22] that such contributions are only relevant for light pseudoscalars.
As discussed in later sections, we work with high masses of the pseudoscalar and thus the parameter space of interest is not affected by the constrains coming from the experimental bound on the branching ratios of these processes.
The Model for Leptophilic Dark Matter
In this section, we describe the complete dark matter model proposed in this present work. We propose a particle physics model for Dark Matter by minimally extending the Standard Model (SM) of particle physics by a fermionic singlet and a pseudoscalar P and an extra Higgs doublet. The stability of the fermion χ (the DM candidate) is ensured by imposing a Z 2 symmetry under which χ is odd while the SM sector is even. The resulting model is, therefore, a two Higgs doublet model (THDM) extended by an additional singlet fermion and a pseudoscalar. The Lagrangian, for such a model, is written in the form:
where L THDM is the two Higgs doublet model Lagrangian,
and
represents the portal Lagrangian.
The scalar potential of the two Higgs doublet model can be written as [27, 28] 
where the two Higgs doublet fields, Φ 1 and Φ 2 , develop vacuum expectation values (VEV) on spontaneous symmetry breaking (SSB) and in order to avoid Flavor Changing Neutral Currents (FCNC), a discrete symmetry (Z 2 × Z 2 ) is imposed on them which is softly broken to a residual Z 2 symmetry. For this work, we consider a CP-conserving two Higgs doublet model and thus all the parameters in Eq. (9) are assumed to be real. The imposition of a discrete symmetry Z 2 ×Z 2 on the Higgs fields will result in four types of THDM namely Type I, Type II, Lepton Specific and Flipped THDM in accordance with the nature of the Yukawa alignment of the fermions with the doublet fields. In this work, we argue that the excess positron fraction observed by AMS-02 experiment is caused by the annihilation of DM. For this purpose, the annihilation of the DM is required to be Leptophilic so as to yield the correct positron flux excess reported by AMS-02. Therefore, in this work, we consider the Lepton specific configuration of the THDM (L2HDM), where the decay of the CP-odd eigenstate can be made to be leptophilic for large tan β = v 2 v 1 where v 1 and v 2 are the two VEVs of the two Higgs doublets. This scenario gives rise to two charged Higgs fields (H ± ), two CP-even scalar fields (h, H), one CP-odd scalar (A 0 ) and three Goldstone bosons (G ± , G). The Higgs doublets, Φ 1 and Φ 2 in this model, is written in the form
In the above, α is the mixing angle between the two CP even scalars and c x and s x (x = α, β) represent cos x and sin x respectively. In the L2HDM, the leptons get mass from their Yukawa couplings with the Φ 1 doublet while both the up and down type quarks get their mass due to their Yukawa couplings with the Φ 2 doublet. Thus one can write down the Yukawa Lagrangian in terms of the doublets in the form [29] 
where i and j are the generation indices and the Yukawa coupling matrices are represented by the notations y u,d,l ij . In the above, Q li = (u Li , d Li ) T and L Li = (ν Li , e Li ) T are the left-handed quark and lepton doublets respectively and the conjugate Higgs doublet is given bỹ
The Yukawa Lagrangian in Eq. (12) can also be written in terms of the physical states of the Higgs sector as [30] −
where y h,H,A 0 f are the normalized Yukawa couplings of fermions and v(= v 2 1 + v 2 2 = 246 GeV). The normalized Yukawa couplings of the fermions with the CP-odd scalar are given as
The DM connects to the SM sector via the pseudoscalar P . Therefore, in order to obtain leptons as the dominant end products of the χχ annihilation, one would require the pseudoscalar P to be leptophilic. For this purpose, one needs to mix the psuedoscalar singlet P with the CP-odd eigenstate A 0 inherently present in the L2HDM [31] . To this end, we have a portal potential of the following form [19, 32, 26] 
where b P is a parameter with dimension of mass and Φ i 's are the two Higgs doublets. The potential V P in general contains a quartic self-interaction term of the form of P 4 , but in this context it does not lead to any relevant effects and hence this term has not been taken into consideration. Note that, P is a pure CP eigenstate and thus does not develop a VEV. We also take b P to be real which ensures that V P does not lead to any breaking of CP. Due to this portal potential term, the pseudoscalars P and A 0 mix and the CP odd mass matrix in the (m A 0 , m P ) basis can be written as
The mass matrix M 2 A can be diagonalized by the transformation with a unitary matrix of the form
The physical CP odd eigenstates, A and a, can therefore be expressed as [33]
and the mixing angle θ in Eq. (17), can be expressed as
After diagonalization, the masses m A and m a (m A > m a ) of the physical CP-odd eigenstates A and a respectively are obtained as
and the parameter b P is written in the form
In terms of the physical CP-odd eigenstates A and a, the interaction Lagrangian L int now takes the form
Accordingly, the Yukawa Lagrangian in Eq. (14) is also modified as
From Eqs. (23) (24) , the SM normalized couplings of the fermions and the couplings of the DM candidate χ with a and A are obtained as
Similar to the case for the CP-odd scalar A 0 (inherently present in the 2HDM), the physical CP-odd states A and a also do not have any couplings of the type aZZ, aW + W − , ahh or AZZ, AW + W − , Ahh . In this work we consider the CP even scalar h to be the SM like Higgs boson with mass m h =125 GeV and H as the non-SM Higgs with mass m H .
Constraints
The existence of the Higgs boson of mass 125 GeV has already been established by the CMS and ATLAS experiments at the Large Hadron Collider (LHC). As mentioned earlier, in the present model, the CP-even scalar h is the physical Higgs boson. The model also contains an extra CP-odd scalar which, due to the presence of the portal potential V P defined in Eq. (16), mixes with CP-odd scalar inherently present in the 2HDM to form the physical CP-odd eigenstates A and a described in Eq. (19) . This may affect the Higgs phenomenology since if the masses of the two physical CP-odd eigenstates are small (m a , m A ≤ m h /2), then one would expect a decay of the CP-even scalar h into the two CP-odd eigenstates A and a. These decays add to the invisible decay channel of the Higgs, the upper bounds for which are available from the CMS and ATLAS experiments. These are used constrain our parameter space.
The signal strength of the SM like Higgs boson to any specific channel in the L2HDM can be written as 
is the SM normalized production cross-section in the L2HDM scenario and Br L2HDM is the branching ratio of any specific channel in our model. The SM normalized production cross-section from different production modes for the SM like Higgs and the signal strengths of the different decay channels have been reported in Table 3 and Table 6 of [34] . The signal strengths depend on the Yukawa coupling strengths of the SM like Higgs boson to the SM fermions, which in turn depend on the values of mixing angles α and β. In this work we have restricted ourselves to the standard alignment limit cos(β − α) 0. The allowed values of the mixing angles β and α satisfying the 2σ values of signal strengths of various decay channels of the SM like Higgs as also the alignment limit are shown in Fig. 3 .
In the present work we consider degenerate mass configuration for the psuedoscalar A, the extra scalar H and charged scalar H ± , i.e. m A = m H = m H ± , where m x is the mass of x (x=h, H, H ± ), and we also adopt m A m h . Thus the only non-SM like decay channel of the SM-like Higgs would be h → aa. The decay width of this channel is written as
where the coupling g haa is given by
The upper bound on the total invisible decay width given by the ATLAS experiment [35] is 26% of the total SM Higgs decay width. The CMS bounds are also in the same range and can be found in [34] . There would be other decay processes that yields four leptons at the final states (h → aa → 4τ , h → aa → 2µ2τ ). The CMS experiment has made extensive searches for exotic decays of the SM-Higgs boson into a pair of pseudoscalars in the 4 lepton and 2 quarks and 2 leptons final states [36, 37, 38] . These processes heavily constrain the parameter space. The upper bound on Br(h → aa → 4τ ) from LHC run-I results as interpreted in [39] is given to be 0.2 for m a > 30 GeV and 0.2-0.5 for 15 < m a < 30 GeV. These processes mainly constrain the mixing angle θ between the two CP-odd mass eigenstates a and A. In Fig. 4 we furnish the allowed parameter space constrained by the LHC results. The green region is for the branching process h → aa → 2µ2τ , the blue region uses the constrains on h → aa → 4τ . We have also included the case that involve Γ inv < 26% (red region). It can be seen that the mixing angle is heavily constrained to very low values, especially by the h → aa → 2µ2τ bounds. At these low mixing angles, one cannot obtain the desired positron flux required to explain the AMS-02 results. Thus we take m a > m h/2 , and evade the constrains on the mixing angle.
A light pseudoscalar can serve well as the mediator of Bs decays to a pair of leptons, especially the Bs → µ + µ − decay channel, in addition to the SM contribution. This happens due to sizeable contribution from tree level a exchange and loop level flavour changing neutral currents. The branching ratio Br(Bs → µ + µ − ) has been measured experimentally by the LHCb collaboration [40] and the value is reported as Br(Bs → µ + µ − ) = (3.0 ± 0.6 +0.3 −0.2 ) × 10 −9 . The relation between the experimental and the theoretical prediction is given as
It is well understood that such contributions to Br(Bs → l + l − ) in the Type-II 2HDM is proportional to tan 4 β. This is because of the fact that the couplings of both the down type Figure 4 : Allowed parameter space in the sin θ vs m a plane. The red region is allowed taking into account Γ inv < 26%, the blue region is allowed by the upper bounds on Br(h → aa → 4τ ) [39] and the green region is allowed by the h → aa → 2µ2τ [36] results of CMS.
quarks and leptons with the extra CP-even and odd scalars and the charged scalars are enhanced by tan β. On the other hand, the couplings of these extra scalars to the quarks in the L2HDM are suppressed by cot β and thus, the tan 4 β enhancement does not appear in this case. Therefore, the constrains induced from this process are far weaker than that in the Type-II 2HDM case. From the results in [41] , it can be seen that, in the L2HDM case, only very low mass range (below 15 GeV) of the pseudoscalar is excluded. It can also be noted that higher the values of m H and m H ± , weaker are the bounds. In our work, we take m A = m H = m H ± O(1 TeV), and m a > m h/2 and therefore, our parameter space is not affected by the experimental bounds on Br(Bs → µ + µ − ).
The L2HDM can give rise to significant loop corrections to the formulation of lepton flavour universality in Z boson and τ decays. We calculate the ratio between the decay width of the Z boson to τ + τ − and e + e − . The value of this ratio as given by precision electroweak measurements made by SLD and LEP experiments is [42] ,
This above ratio can be written in the written in the form
where the quantity δ τ τ can be expressed as [43] δ τ τ = 2g e L Re(δg 2HDM
The full expression of the 2HDM contributions in Eq. (35) is given in [43] . We, in this work, use the same expression with a very little modification keeping in mind the presence of the extra CP-odd mass eigenstate in the present model. As stated above, we work with 
The expressions for δ tree and δ loop are as given in [43] and [44] . But we modify these expressions to suit our present model. It is worth noting that the contributions to the one loop corrections due to A, H and H ± cancel out in the degenerate mass limit (m A = m H = m H ± ) and also for small mixing angles and thus, in the alignment limit (sin(β − α) 1), only the one loop correction appears due to the lighter CP-odd scalar a. We calculate the τ decay parameters as outlined in [43] for our case. The combined 2σ allowed parameter space taking into account the lepton universality in τ and Z decays are shown in Fig. 5 . It can be seen that these processes present an upper bound on tan β which varies with mixing angle θ.
Annihilation Cross-section and Relic Density
In the present scenario, the dark matter annihilation can be mediated by both the pseudoscalars, a and A and due to the presence of extra vertices coming from the complete scalar potential and L2HDM description, more annihilation channels open up, viz.,χχ → ah, aH, Ah, AH and HZ. The annihilation mode ofχχ → hZ does not appear in this case since the vertices of ahZ and AhZ are proportional to cos(β − α). The annihilation channel ofχχ → AA is modified by sin 4 θ and thus, is suppressed at small mixing angles.
In order to calculate the relic density for such a fermionic DM candidate considered in this work, one would have to solve the Boltzmann equation [45] 
where n and n eq are respectively the number density of the particle species and the number density of that species in thermal equilibrium, H represents the the Hubble parameter, σv rel is the thermal averaged annihilation cross-section taking into account all of the annihilation channels as described. An approximate relation for relic density, expressed as Ωh 2 (Ω is the relic density of a species normalized to Universe's critical density and h is the Hubble parameter normalized to 100 km sec −1 Mpc −1 ), that follows from Eq. (37) can be written as
where x F = m χ /T F , g * gives the effective degrees of freedom and M P l = 1.22 × 10 19 is the Planck mass. The quantity x F in Eq. (38) , is computed by solving iteratively the equation
The particle physics input to Eq. (38) is the velocity averaged annihilation cross-section of the fermionic DM candidate in the present model. In Fig. 6 we plot the y χ -m χ values that satisfies the PLANCK [1] observational range for dark matter relic density for chosen values Figure 6 : The coupling of the DM and pseudoscalar y χ as a function of m χ for different sets of values of the parameters tabulated in Table. 1. The points on the parameter space as shown are the ones that satisfy the observed relic density of DM. of tan β, sin θ, m a and m A for the purpose of demonstration. These different sets of values are furnished in Table. 1. From Fig. 6 , it can be seen that initially, at very low dark matter mass, a reasonable coupling of y χ ∼ 1 is required to produce the right relic density of Ω DM h 2 ∼ 0.12. At these low DM mass ranges, the only dominant annihilation channel isχχ → τ + τ − , since this channel is enhanced by tan 2 β while the annihilation to quarks is suppressed by cot 2 β. As the m a (GeV) tan β sin θ m A (GeV)  Set I  78  138  0.162  1000  Set II  142  168  0.225  1000  Set III  166  186  0.205  1000  Set IV  194  220  0.199  1000   Table 1 : The values of the different parameters for the different chosen values of m a , tan β, sin θ and m A for the computation of y χ -m χ in Fig. 6 .
dark matter mass increases and approaches the value m a /2, this s-channel annihilation mode approaches a resonance and therefore, in order to keep the relic density within the PLANCK observed range, one needs to choose much lower values for DM pseudoscalar coupling. This can be seen as the dip in y χ -m χ plot at m χ ∼ m a /2. A similar dip of the value of y χ appears at m χ ∼ m A /2. Again, in order to satisfy the PLANCK observed range, the value of y χ decreases whenever new annihilation channels open up. The annihilation channels ofχχ → ah, Ah, aH do not give major contributions to the overall annihilation rate and thus, the dip in the value of y χ is weak at these corresponding masses of the DM candidate. However, the s-channel annihilation ofχχ → AH produces appreciable effect and thus to account for the PLANCK observed relic density, we see a sharp decrease in the value of y χ at m χ ∼ (m A + m H )/2. Finally at higher DM masses, the relic density is mostly controlled by the t-channel annihilation mode ofχχ → aa since the rate is proportional to cos 4 θ as can be seen in Eq. (3).
The purpose of this work is to explain the positron-fraction observations of the AMS-02 experiment that has reported an excess of positron-fraction beyond the positron energy of ∼10 GeV. In order to produce the positron flux required to explain the AMS-02 results from dark matter annihilation, apparently a heavy dark matter with m χ O(TeV) is needed. To this end, we consider four different dark matter masses in the range 1.2 TeV≤ m χ ≤ 1.5 TeV and m A = m H = m H ± = 1 TeV and explore the dependence of y χ on tan β and sin θ that can reproduce the observed DM relic density. In Fig. 7 , we show the allowed parameter space for y χ -tan β and y χ -sin θ in the left and right panels respectively. For demonstrating the dependence of the allowed parameter space on dark matter mass, we take two values of m χ , 1.2 TeV and 1.5 TeV respectively. For m χ = 1.2 TeV we fix the values of m a , tan β and sin θ by those given in Set I and for m χ = 1.5 TeV, we use the values pointed out in Set II of Table. 1. It can be seen that for such high values of dark matter mass, the required pseudoscalar couplings (χχa andχχA) of the DM candidate is O(1) which also agrees with Fig. 6 for higher values of m χ . We choose a set of four benchmark points (BP) with four dark matter masses in the range mentioned above and y χ from the allowed ranges as obtained from Fig. 6 and Fig. 7 along with the set of parameters following Table. 1 to calculate the positron-fraction using the present DM model.
Direct Detection
In the leptophilic framework, in addition to the box diagram as discussed in section 2.1, new diagrams should also be considered for scattering relevant for Direct Detection. This happens because new interaction portals open up through the scalar tri-linear couplings. The couplings between the scalars, SM Higgs h and the heavier neutral extra scalar H, and the two CP-odd mass eigenstates a and A give rise to an effective interaction between the DM candidate χ and the quarks. Thus the triangle diagram of the type shown in Fig. 8 scattering cross-section. The effective Lagrangian for this interaction is given by [25, 21] 
where where the quantity ξ q φ represents the coupling of the quarks with the CP-even scalars φ (φ = h,H) and the effective φχχ coupling can be written as [25] 
In the above, the quantities B 0 and B 1 represent the loop functions. The expressions and derivations of the loop functions can be found in the appendix of [25] and the references therein.
The contribution from the heavier quarks as obtained using the relation between the heavy quarks and gluons in the nucleus is given by
where α s is the strong coupling constant, G µν describes the field strength tensor of QCD and Q indicates the heavy quarks. The gluon coupling C tri G is written as
The spin independent DM-nucleon scattering cross-section for the triangle diagram is finally given by,
where
m N being the nucleon mass. We follow ref. [25] for the evaluation of the coupling coefficient C φχχ considered in the present model. The spin-independent DM-nucleon direct detection cross section (σ SI ) as a function of the Dark Matter mass (m χ ) has been shown in Fig. 9 . The different colored solid lines indicate the different benchmark points which consists of the values of the parameters as in Sets I-IV given in Table. 1 and the values of y χ being taken as 1.47, 1.34, 1.52 and 1.63 respectively. Fig. 9 also shows the region already excluded by the XENON 1T experiment [46] and the neutrino floor. Also shown in Fig. 9 , the projected sensitivity to DM-nuclear scattering cross-section in case of LZ [47] and DARWIN [48] experiments. Thus, from Fig. 9 , it can be seen that the DM candidate is in agreement with the experimental results.
Sommerfeld Enhancement
In the early Universe, at around the freeze out temperature of the thermal relics, the relative velocity of DM particles were relativistic with v rel ∼ 0.3. The annihilation rate and the relic abundance were thus determined by this relative velocity. As discussed above the required annihilation rate for DM particles, for reproducing the PLANCK relic abundance, is σv rel 3.0 × 10 −26 cm 3 /s. This annihilation rate is not enough to explain the positron-fraction as observed by the AMS-02 experiment. In the present Universe however, the DM particles are highly non-relativistic with v rel ∼ 10 −3 . At these low relative velocities, the DM annihilation rate can get considerable boost from Sommerfeld enhancements [49] , and thus, the positron fraction results can be accounted for by the DM annihilation.
The thermally averaged annihilation cross-section, worked out in section 3.2, in the nonrelativistic limit can also be written as
where we v 0 220 km/s is the most probable velocity of dark matter in the galaxy. One can also write the most probable velocity as
where x χ = m χ /T χ , T χ being the temperature of dark matter today. We can also write the Sommerfeld enhanced annihilation rate as (σv rel ) 0 S 0 (v rel ), S 0 (v rel ) being the Sommerfeld Enhancement. Using these relations and plugging them back to Eq. (47), one obtains [50] 
where v esc 550 km/s is the escape velocity for dark matter in the DM halo of our galaxy and S stands for the thermally averaged Sommerfeld Enhancement.
The Sommerfeld enhancement with scalar and vector mediators have been studied and worked out in details in many previous works [51, 50, 52] . It can be seen from these works that the potential of the Schroedinger equation that needs to be solved is similar in both the cases. It has been shown, however, that the potential for the pseudoscalar mediated Sommerfeld enhancement is quite different [53, 54] and is of the form
wherer represents the unit vector along the direction of the radial distance between the two annihilating DM particles,ŝ 1,2 are the spin orientation unit vectors of the DM particles and α stands for the squared coupling between the DM particles and the pseudoscalar mediator with mass m φ . Taking the case of parallel spins of the two annihilating DM particles, i.e.ŝ 1 =ŝ 2 which results in enhancement. In the angular momentum space, the potential matrix can be written as
where (..) represents the Wigner 3-j symbol. We closely follow the methodology laid down in [55] to calculate the Sommerfeld Enhancement for our case. In this work, we have two pseudoscalar which can potentially be the mediator for Sommerfeld Enhancement, a and A. It is also true that lighter the mediator, more is the enhancement in the annihilation. Thus for our case, we only consider a to be the mediator.
The wave function, in quantum mechanics, is not well defined at the origin if the potential is attractive with a distance scaling of r −w and w ≥ 2. We follow the process of regularization adopted in [55] with
where r 0 represents a cut-off parameter. Following the arguments reported in details in the above reference, one can see that this case is similar to that of a spherical well potential with
with θ(r − r 0 ) as the Heaviside function. For a such a potential, one can write the Sommerfeld Enhancement as [56] S 0 (v rel ) = 1
One can see that in the case of deep well, i.e. V 0 m χ v 2 rel /4, resonance is achieved if r 0 4m χ V 0 ≈ nπ/2, for n ∈ (1, 3, 5, ...). At these resonances, S 0 (v rel ) 4V 0 /(m χ v 2 rel ). Plugging this back into Eq. (49), one finally obtains the thermally averaged Sommerfeld Enhancement (SE) and thus the enhanced DM annihilation rate. We take r 0 7.2 × 10 −4 GeV −1 , such that r 0 ∼ 1 mχ , we get a thermally averaged Sommerfeld Enhancement of S 680. We finally use this value of the Sommerfeld Enhancement factor to calculate the positron flux and thereby the positron-fraction.
Positron Excesses
In this section we calculate the positron flux from DM annihilation and finally the positronfraction resulting from the present model. The most dominant channel in the present model is χχ → AH (Fig. 10) . The thermally averaged cross-section of this channel can be written
The scalar tri-linear couplings g aAH and g AAH in the above equation are explicitly given in the Appendix. The Sommerfeld enhanced thermally averaged cross-section σv rel ∼ 2 × 10 −24 cm 3 /s. The coupling of the CP-odd mass eigenstates, a and A, and the CP-even neutral scalar H have enhanced couplings to leptons, especially τ , on account of high tan β. The branching fractions Br(A → τ + τ − ) and Br(H → τ + τ − ) are 88-96% and 70-90% respectively. Therefore, the pseudoscalar A and the extra heavy scalar H will readily decay to τ , which can finally produce positrons. Thus positron flux can be obtained from these DM annihilation channels.
The positron fraction as a result of DM annihilations, per unit energy, is given by [57] 
where v e + is the velocity of positron and the quantity f = dN e + dE represents the positron number density per unit energy. The latter follows the diffusion equation [58] ∂f
where K(E, x) and b(E, x) are the diffusion coefficient function and energy loss coefficient function respectively. The source term Q in Eq. (57) is given by [59] 
where the quantity f ann inj = k σv k
where B is the boost factor mentioned above. The boost factor B depends on the energy E of the positron [60, 61, 62] with the value that lies between 1-20 [63] , depending on the energy. A reasonable value of B = 10 [57, 64] .
As mentioned earlier, our purpose is to explain the excess in the positron-fraction as observed by the AMS-02 experiment [2, 5] . The positron fraction as a result of DM annihilations in this work is given by [11] F e + = Φ sig e + + Φ bkg
where Φ sig e + and Φ bkg e ± denote the flux of the positrons from DM annihilation and background cosmic ray flux respectively and it has been assumed that the positron and electron fluxes produced as a result of DM annihilation are same. The background positron and electron fluxes have been parametrised as [65, 57, 11] dΦ bkg 
Following the formalism given above we compute the positron fraction as obtained from the DM annihilation for the dark matter candidate proposed in this work, for various benchmark points. A χ 2 analysis was performed with the data and the model taking the boost factor B as the parameter. The best fit values of boost factor B along with the values of the dark matter mass m χ , the DM-psuedoscalar coupling y χ and the Sommerfeld enhanced cross-section for theχχ → AH channel for the different benchmark points are given in Table. 2. The final calculated positron-fraction results are furnished in Fig. 11 (left panel) . Also shown in Fig. 11 m χ (TeV) y χ σv rel χχ→AH (cm 3 /s) The different values of m χ , y χ and the Sommerfeld-enhanced annihilation crosssection (with S ≈ 680) of the most dominant channelχχ → AH, and the best fit values of the boost factor for the different benchmark points (BP). The values of the other parameters used in the calculation are given in Table. 1. (left panel) is the positron fraction data as observed by the AMS-02 [7] , Fermi-LAT [66] and PAMELA [67] experiments. The right panel of Fig. 11 shows the comparison of the positron flux as computed from the present DM model for the various benchmark points, using the best fit parameters obtained by fitting the positron-fraction data of AMS-02, with that as reported by the AMS-02 [6] , Fermi-LAT and PAMELA experiments. For this plot we took the diffuse flux term as [6] ,
whereÊ = E +φ e + , with φ e + accounting for the solar effects. In the above equation we fixed the parameters E 1 = 7.5 GeV, γ d = −3.92, C d = 3.485 × 10 −2 GeV −1 m −2 s −1 sr −1 and φ e + = 0.869 GeV. It can be seen from Fig. 11 (left panel) that the dark matter model considered in this work fits well with the excess in positron fraction in the E 10 GeV region. Therefore the experimental observation of AMS-02 as presented in [7] can be explained by the annihilation of a fermionic dark matter candidate preferably with the mass of 1.5 TeV through a leptophilic pseudoscalar portal as proposed in this work. Let us, however, remark that the positron spectrum [6] cannot be fit equally well by using the same parameter set as shown in the right panel. This discrepancy can be relaxed by choosing an appropriate propagation model of cosmic rays [16] .
Conclusion
The AMS-02 experiment onboard the International Space Station reported an excess of positronfraction beyond the positron energy of 10 GeV. While the positron-fraction spectrum below 10 GeV corroborates with the human knowledge and wisdom, the excess that peaks around 320 GeV could not be explained by the known astrophysical or other processes, cosmic rays, etc. Therefore, the observed positron-fraction excess could be a signature of new physics or phenomena not fully understood yet.
In this work, we propose the possibility that dark matter annihilation in the universe could have caused this excess signature by producing electron-positron pair through such annihilation processes. To this end, we formulate a new particle dark matter model based on the Two Higgs Doublet (THDM) model available in the literature and adding to it an extra fermion and an additional pseudoscalar. It appears from our calculations that in order to account for the dark matter annihilation cross-section required to satisfy the experimentally observed dark matter relic density given by PLANCK collaboration, a pseudoscalar is needed if the extra fermion in the theory is to serve as the dark matter candidate. It also appears that, for the realization of the observed positron excess within the proposed framework of the present model, a leptophilic dark matter could be a viable candidate. Keeping these in view we consider, among the four possible types of THDM, the lepton-specific type. This may be mentioned here that the model has two CP-even scalars, three Goldstone bosons and two CP-odd scalars out of which one is in-built in the THDM framework (the other one is added) and the dark matter candidate χ which is a fermion. The detailed phenomenology of this model such as the mixing between the Higgs doublets, the mixing of the two pseudoscalars, etc., are elaborately discussed. The model is now a pseudoscalar portal model whereby the dark matter candidate χ interacts via the pseudoscalar. The dark matter phenomenology for this model has also been thoroughly addressed and the constraints and bounds on the different parameters such as the mixing angles, the various couplings, etc., are fixed by calculating, using the model, different experimental observations such as collider bounds, dark matter direct detection constraints, observed relic density, etc. Sommerfeld enhancement plays a major role in boosting up of theoretical estimation of positron flux from such a model.
To this end, we have carefully computed the Sommerfeld enhancement in the present framework. We also make a χ 2 fit of the computed positron fraction with the AMS-02 observational results by introducing a free parameter which serves as the boost factor of the final computed flux based on the present formalism. We obtain a good fit for the theoretical estimation of positron-fraction based on the dark matter model proposed in this work and from the fit, the boost factor has been estimated and found to be within the widely accepted ballpark given in the literature. On the other hand, we also find that the positron spectrum cannot be fit simultaneously, resolution of which may help determine the cosmic ray propagation model with the accumulation of more data.
A Scalar trilinear couplings
Here we explicitly write down the scalar tri-linear couplings used in Eqs. 30, 42 and 55. The expressions are all written considering the alignment limit (sin(β − α) → 1).
